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This paper aims to extend the implementation of DualSPHysics-Project Chrono coupling to hydroelasticity
problems involving free-surface flows and deformable elastic boundaries. In the present model, the fluid sub-
domain of the phenomenon is based on the WCSPH model of DualSPHysics. The solid sub-domain, simulated
by the Project Chrono engine, is modeled using the set of rigid bodies attached by hinges with torsional and
damping stiffness. An analytical solution of Euler-Bernoulli beam theory is employed to adapt the rigid-
multibody system to the mechanical characteristics of the elastic sub-domain via the torsional stiffness values

of hinges. The stability and accuracy of the present model are tested by three cases with different flow char-
acteristics and mechanical properties for solid sub-domain, involving a newly-designed experimental setup and
two benchmark cases in the literature. Obtained results show reasonable accuracy with experimental mea-
surements and other numerical model computations.

1. Introduction

In the context of the Fluid-Structure Interaction (FSI) problems, the
hydroelasticity phenomenon is encountered frequently in ocean engi-
neering field. Typical examples are wave/tsunami surge impact on
offshore/coastal structures, sloshing in LNG tanks, and hydrodynamic
slamming on ships and ocean structures (Khayyer et al., 2019, 2021).
The phenomenon with violent free-surface flows and deformable
boundaries is too complex to solve using analytical methods due to the
nature of the problem with multi-physics and nonlinearity (Wu et al.,
2016). Therefore, numerical and experimental studies have become the
main tools for researchers in the investigation of the phenomenon. In
addition, with the rapid developments in computational technology and
some limitations in experimental studies, there is a growing importance
of numerical models.

The mesh-free numerical methods present a quite convenient struc-
ture for numerical modeling of hydroelasticity problems. Thanks to
meshless Lagrangian natures, these methods can easily handle large
deformations and moving interfaces avoiding difficulties encountered in
conventional mesh-based methods (Basic et al., 2020; Sun et al., 2019).
One of the most popular of these methods, Smoothed Particle Hydro-
dynamics (SPH) was firstly introduced in astrophysics (Gingold and
Monaghan, 1977; Lucy, 1977) and later successfully applied to various
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free-surface flow problems (Altomare et al., 2017; Areu-Rangel et al.,
2021; Colicchio et al., 2002; Crespo et al., 2008; Han and Dong, 2020;
Iglesias et al., 2004; Monaghan, 1994; Xu et al., 2021). With the success
of the method in numerical modeling of free-surface flows, various
forms of SPH have started to be used in hydroelasticity analyses by many
researchers (e.g. Weakly Compressible SPH (WCSPH)-SPH (Antoci et al.,
2007; Liu et al., 2013), WCSPH-Total Lagrangian SPH (TLSPH) (Han and
Hu, 2018; He et al., 2017; O’Connor and Rogers, 2021; Sun et al., 2021;
Zhan et al., 2019), and Incompressible SPH (ISPH)-SPH (Khayyer et al.,
2018, 2021; Rafiee and Thiagarajan, 2009)).

Considering the capability of SPH to overcome the numerical diffi-
culties faced in hydroelasticity problems, some researchers have tried to
take advantage of the method via coupling with other numerical
frameworks (e.g. Finite Element Method (Groeneboom and Cartwright,
2010; Li et al., 2015; Panciroli et al., 2012; Yang et al., 2012; Yilmaz
et al.,, 2021), Discrete Element Method (Tang et al., 2018; Wu et al.,
2016), and Element Bending Group (Yang et al., 2016)). The numerical
implementation of multibody solver Project Chrono (Tasora and Ani-
tescu, 2011) under the SPH model of DualSPHysics (Crespo et al., 2015;
Dominguez et al., 2021) makes it possible to simulate the interaction
between free-surface flows and rigid body systems with collisions and
kinematic restrictions such as springs, hinges, and pulleys. Canelas et al.
(2018) applied this coupling procedure to various fluid-mechanism
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interaction problems. Some researchers used DualSPHysics-Project
Chrono coupling to simulate the motion of oscillating wave surge con-
verters (OWSC) involving a rigid flap attached to the ground with a
bottom hinge with mechanical constraints (Brito et al., 2016, 2020; Liu
et al., 2020). Ropero-Giralda et al. (2020) employed this coupling pro-
cedure to simulate a point-absorber wave energy converter system
composed of a rigid buoy connected to a PTO system modeled as a linear
damper. Also, Wei et al. (2019) simulated the interaction of WECs with
water waves by coupling Project Chrono with another SPH solver,
GPUSPH. To the authors’ best knowledge, despite a lot of studies on
various fluid-mechanism interaction problems, the present coupling
scheme is not implemented comprehensively to hydroelasticity
problems.

This paper aims to extend the implementation of DualSPHysics-
Project Chrono coupling to hydroelasticity problems involving violent
free-surface flows and deformable elastic boundaries. In the present
numerical model, the solid phase of the phenomenon is modeled using a
rigid-multibody system attached by hinges with torsional and damping
stiffness. While the DualSPHysics code is employed to solve fluid sub-
domain and fluid-rigid body interactions, the Project Chrono library is
employed to solve the mechanical constraints between rigid bodies. The
rigid-multibody system is adopted to the mechanical characteristics of
elastic sub-domain by torsional stiffness values of hinges calculated by
an analytical solution of Euler-Bernoulli beam theory. The stability and
accuracy of the present model are investigated by using a new experi-
mental study of dam-break wave impact on an elastic baffle in a wet bed
and experimental and numerical results of two benchmark cases in the
literature.

The rest of the paper is organized as follows; numerical backgrounds
of the WCSPH model in DualSPHysics, multibody solver of Project
Chrono, and coupling procedure of these two models are explained in
Section 2. Section 3 presents an analytical solution of Euler-Bernoulli
beam theory to calculate the torsional stiffness values of hinges. Then,
the solution accuracy of the present numerical model is tested in Section
4 using a newly-designed experimental setup and two benchmark cases.
Finally, the conclusion is drawn in Section 5.

2. Numerical model
2.1. SPH model of DualSPHysics

DualSPHysics (Crespo et al., 2015) is an open-source code based on
the WCSPH formulation of SPH. This code is implemented in C++ and
Compute Unified Device Architecture (CUDA), allowing to run simula-
tions with multiple Central Processing Units (CPU) or Graphics Pro-
cessing Units (GPU) (Brito et al., 2020; Dominguez et al., 2013).

In SPH, the conservation laws of continuum fluid dynamics are
transformed from their partial differential form using integral equations
based on an interpolation function called kernel (W). A function F(r) can
be written by the mentioned integral approximation as;

F(r)= / FOr) W(r—r , h)dr. €))

where r is the position vector and h is the smoothing length defining the
support region of the kernel. Eq. (1) can be written in discrete notation,
leading to an approximation of function at a particle a, where the
summation is over all the particles b within the support region of the
kernel function;

F(r,) =~ ZF(r,,) Zﬁ W(r, —ry, h). (2)
5 b

where p and m are the density and mass of the particles, respectively.
The performance of an SPH model depends heavily on the choice of the
smoothing kernel (Crespo et al., 2015). In this work, the fifth-order
Quintic kernel (Wendland, 1995) is used, considering its higher order
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of interpolation (Gomez-Gesteira et al., 2010) and benefits in the
free-surface flow simulations (Macia et al., 2011);

W(r,h):ag(l—%>4(2q+1) 0<g<2 3)

where q is the non-dimensional distance between the particles, which is
q =r/h, and r is the distance between the particles a and b. ap is equal to
7/4xh? and 21/167h° for 2D and 3D problems, respectively. The kernel
function provides a compact support region of 2h radius, in which
neighboring particles are considered (g < 2).

2.1.1. Equations of motion

The governing equations of motion are described by the Navier—
Stokes equations for compressible fluids (Dominguez et al., 2021). The
mass and momentum conservation equations can be written in the
discrete form of SPH as follows, respectively;

D,
Pa — ﬂazﬂ (Vo =) VaWy + 5¢hcozﬂyztb'va Wap @
Dt Py 5 Po
Dva Pb -+ Pa
=- . | VW, 5
Di ;m;( o + h) b+ 8 )

where v is the velocity, t is the time, P is the pressure and g is the
gravitational acceleration. In the continuity equation, the second term
on the right-hand side represents the numerical density diffusion term
used to reduce fluctuation in density and consequently pressure. ¥, is
the density diffusion function introduced by Molteni and Colagrossi
(2009) and modified later by Fourtakas et al. (2019). §,, is the constant
that controls the intensity of the diffusive term. In momentum equation,
11 is the artificial viscosity term proposed by Monaghan (1992);

—QCap
——rab (p,—wy)(r,—ry) <0
= Pab ( o) ) 6)

0 (va—vp)-(ra—ry)>0
where Cp =0.5(cq+cp) is  the speed of sound,
tay = h(va —vp)$(re —13)/((ra — rp)* +0.01h%) and, « is the artificial vis-
cosity constant, introducing the proper energy dissipation.
In WCSPH formulation, the fluid is treated as weakly compressible
and the following equation of state is used to determine fluid pressure
based on particle density (Batchelor, 1974; Monaghan et al., 1999);

)

where p, is the reference density of the fluid, y = 7, and B = co2p, /7
where ¢y is the speed of sound at the reference density.

In this work, Verlet (1967) algorithm is used for the time integration
scheme and, a variable time step proposed by Monaghan and Kos (1999)
is considered, based on the force per unit mass, viscous diffusion term,
and Courant-Friedrich-Levy (CFL) condition with a CFL number of 0.2.

mean

2.1.2. Boundary conditions

The Dynamic Boundary Condition (DBC) (Crespo et al., 2007)
available in DualSPHysics is implemented in the present SPH model. In
this method, the boundary particles are seen same as the fluid particles
and satisfy the same equations. But, they do not move by the forces
exerted and remain either fixed in position or move according to an
imposed/assigned motion function. When a fluid particle enters inside
the neighboring list of the boundary particles, defined by the smoothing
length (h), the density of that boundary particles increases, resulting in a
pressure increase. This situation causes a repulsive force to be exerted on
the fluid particle due to the pressure term in the momentum equation.
The DBC provides computational simplicity since the boundary particles
are calculated inside the same loops as fluid ones and, the stability of this
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method relies on the length of time step (Crespo et al., 2015).

2.1.3. Motion of rigid bodies

In SPH, rigid bodies consist of sets of discrete particles whose vari-
ables are integrated in time with a different set of equations (Canelas
et al., 2015). The net force on each boundary particle k is calculated as
the sum of the contributions of all surrounding particle a;

- dvk - dvka

=—*= 8

fk dt acWPs dt ( )
The basic equations of the motion of the rigid body are;

v

ME:kZ‘mkfk (9)
€boundary
ag

17: my (rkfRo) ka (10)

! keboundary

where M is the mass of the object, I moment of inertia, V the velocity and
£ the rotational velocity and R, center of mass. Egs. (9) and (10) can be
integrated in time to predict the values of V and 2 at the beginning of
the next time step and each boundary particle of the rigid body has a
velocity;

vi=V+R X (r.—Ry) a1

All the boundary particles within the rigid body are moved by inte-
grating Eq. (11) in time. The works of Monaghan (2005) and Monaghan
et al. (2003) showed that the technique conserves both linear and
angular momentum.

2.2. Project Chrono

The rigid multibody systems are described in Project Chrono by a
generalized coordinate system ¢, which have six independent co-
ordinates ¢ = [R”, ©"]7, where R and @ are the translational and rota-
tional coordinates, respectively. Once this set of coordinates is
identified, the global position of an arbitrary point on the body can be
expressed in terms of g and the dynamic of rigid bodies can be charac-
terized by differential-algebraic equations (Tasora et al., 2016);

dq

Z_L@V 12

I (9) (12)

M( )d—V:F (V,q,t) + f (VinDin + ¥iuDis +710Diw) 13)
q dt a ’ ‘17 yi.n Ln }/i.u iu yi.w Lw

i=1

where L is the Jacobian matrix connecting V to the derivative of g, M is
the inertia matrix, and F, is the applied force. y;,, y;,, and y;,, are the
Lagrange multiplier and D;,, D;, and D;,, are the tangent space gener-
ators, where n, u, and w are the orientation of local reference frames at
contact point i, where n is the normal and u and w are the tangential
component (Mazhar et al., 2015). In the present numerical model, the
contacts between the solid bodies are neglected and Project Chrono is
used to simulate the hinges with torsional and damping stiffness, con-
necting the rigid bodies, composed the solid phase of the phenomenon.
The mathematical formulation, describing the dynamic equilibrium of
the hinges with a single degree of freedom, can be written as (Brito et al.,
2016);

1@2171(@@71(9!2 14

dt

where 7 is the external torque, @ is the rotation angle, £ is the angular
velocity, and K¢ and K, are the torsional and damping stiffness co-
efficients of hinges, respectively.
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2.3. Coupling of DualSPHysics and Project Chrono

The coupling procedure of DualSPHysics-Project Chrono consists of
three main steps (Brito et al., 2020). At first, DualSPHysics computes the
motion of fluid particles by solving Egs. (4) and (5). The interaction
between fluid and rigid body particles is computed by an application of
the Dynamic Boundary Condition (Canelas et al., 2015, 2018). In this
approach, the fluid particles see the rigid-body particles as the regular
boundary particles. But, the force from fluid particles contributes to the
acceleration of the rigid-body particles (Eq. (8)), resulting in a motion
governed by Egs. (9) and (10). In the second step, linear and angular
acceleration vectors (dV/dt and d/dt) are transferred to the Chrono
engine to be applied to the center of mass of the rigid bodies. Project
Chrono updates rigid body motions considering the kinematic re-
strictions using Egs. (12)-(14) and, the value of Ry, V, and £ are
transferred back to DualSPHysics code. Finally, DualSPHysics updates
the position of the particles using Eq. (11). The flow chart of the related
coupling procedure is presented in Fig. 1.

3. Calculation of torsional stiffness values for hinges (Kg)

In this work, a pseudo-rigid-body model (Howell, 2001) is used to
approximate the deformation characteristics of solid sub-domains in the
present hydroelasticity problems. With this model, the deflection of a
flexible solid sub-domain is tried to predict accurately using rigid-body
components attached by torsion springs. The pseudo-rigid-body model
(PRBM) requires less computational cost. However, approximation ac-
curacy depends on rigid-body configurations and, PRBM can be
designed for the cases in which the type of expected load and boundary
conditions are known. Many researchers successfully implemented the
PRBM in modeling large-deflection beams in various rigid-body con-
figurations (Howell and Midha, 1994; Su, 2009; Venkiteswaran and Su,
2015; Yu and Zhu, 2017).

In PRBM, the force-deflection relationship of a beam is determined
by the stiffness values of springs named hinges in this work. These values
depend on the mechanical properties and boundary conditions of beams
used in analyses. In all validation cases used in this work, solid plates are
located as one side fixed and another side free (Fig. 2). Therefore, related
torsional stiffness values can be calculated using the kinematic and static
equations obtained from an analytical solution of a cantilever beam
under uniformly distributed loads. In this regard, deflections at tip
points of each rigid-body (w(x)) are calculated firstly using Euler-
Bernoulli beam theory as follows;

g (617 — 4Lx +x*)

w(x) 24El as)

where q is the uniformly distributed load, E is Young’s modulus, I is the
second moment of area, and L is the length of the beam.

Then, calculated deflections are used to approximate rotation angles
of hinges by using the equation below;

©; =sin"! (w) (16)

where 0; is the rotation angle of the hinge, and [ is the length of each
rigid body. The relative rotation angles for each hinge can be calculated

by;
A60,=6; -0, a7)
Finally, torsional stiffness values of hinges (Ky;) can be calculated
using the equation below;
Ti

Ko = 1
%710, (18)

where 7; is the torque at specific hinge locations, calculated by static
equations.
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Particle interaction
Egqs.4and 5

Computation of interaction
—® between fluid and rigid bodies
Eqs. 9and 10

=)

Mechanical
constraints

av de -
YES dc’dr |
Project Chrono

Applying force and
moments to the rigid bodies

System updating variables
Eq. 11

Updating particle

\
The rigid body dynamics
Eqs. 12, 13 and 14

L V,Q,R,

Fig. 1. Flow chart of the coupling procedure of DualSPHysics and Project Chrono (modified from Brito et al. (2020)).

i=4 =N i=N+1

Rigid Bodies

Fig. 2. Schematic view of cantilever beam used for torsional stiffness calculation.

The present torsional stiffness calculation process is limited with the
Euler-Bernoulli beam theory assumptions (Donnell, 1976; Wang and
Qin, 2019). Therefore, the value of uniformly distributed load to be used
in the calculations should be determined considering the small slope
angle assumption. In this regard, the authors determined the maximum
load such that beam tip slope angle is equal to 6y = 0.20 rad, in which the
Euler-Bernoulli beam theory provides relatively higher accuracy. Then,
torque and relative rotation angles of hinges are calculated for various
6p values monotonically increasing inside the limits of 6y € [0, 0.20 rad].
It should be noted that calculations are carried out for 1 m width of the
beam due to 2D simulation conditions in numerical analyses. A linear
regression process is used to obtain approximated torsional stiffness
values of each hinge. Obtained results are presented in Fig. 3 with the
mean squared error (R?) value for each regression. Case numbers
represent the elastic plates used in Sections 4.1, 4.2, and 4.3, respec-
tively. Hinges are numbered starting from the fixed point of the canti-
lever beam (Fig. 4d, Figs. 9c, and Fig. 14b). Results indicate that
calculated Ko values are almost constant inside the predefined load

limits.
4. Validation results

In this section, the solution accuracy of the present numerical model
is investigated firstly by an experimental setup based on dam-break
wave impact on an elastic baffle in a wet bed. Then, two benchmark
cases in the literature involving dam-break wave impact on an elastic
sluice gate (Yilmaz et al., 2021) and dam-break flow with an elastic-gate
(Antoci et al., 2007) are used for validation. Each validation case has
different material properties and flow characteristics for solid and fluid
sub-domains, respectively. Simulations are performed using NVIDIA
GeForce GTX 1050 Ti GPU with Intel i7-8750H CPU and 16 GB RAM
and, results are compared with experimental measurements and nu-
merical computations obtained from various numerical models. Addi-
tionally, the effect of structural damping on numerical computations is
investigated considering damping stiffness of hinges, calculated ac-
cording to various predefined damping ratios ({) as follows;
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Fig. 4. Schematic view of a) experimental setup, b) baffle geometry, c) measurement points, and d) hinge locations (units in m).
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Ko={Kac (19)

where Kqc is the critical damping stiffness of hinges, which is Koc =

2/Kel.

4.1. Impact of a dam-break wave on elastic baffle in a wet bed

4.1.1. Experimental setup and measurement technique

A newly-designed experimental setup based on dam-break wave
impact on an elastic baffle in a wet bed has been conducted to validate
the present numerical model. Experiments have been carried out at Civil
Engineering Hydraulics Laboratory of Iskenderun Technical University,
Turkey, in a rectangular tank with 1.5 m in length, 0.3 m in height, and
0.1 m in width, made of 8 mm acrylic material. The rectangular tank is
divided into two parts as upstream and downstream by a vertical rigid-
gate with 3 mm thickness, located at a distance of 0.6 m from the tank
entrance. The upstream and downstream initially are filled by water
with h, = 0.15 m and h; = 0.03 m in height, respectively, to provide wet
bed condition (Fig. 4a). A certain weight is attached to rigid-gate with a
cable and is released from a certain height to generate an experimentally
idealized dam-break flow. An elastic baffle made of rubber with 80 mm
in height and 7 mm thickness is located at a distance of 0.9 m from tank
entrance embedding into a rectangular foundation with 0.047 m in
length and 0.016 m in height. The width of the baffle is chosen as 0.096
m to prevent possible friction between the baffle and tank walls
(Fig. 4b).

In experiments, displacements of the baffle caused by water pressure
are measured from digital video images using the image processing
technique. With this technique, many researchers obtained sensitive
experimental measurements in various dam-break flows (Kocaman and
Ozmen-Cagatay, 2015; Ozmen-Cagatay et al., 2014) and hydroelasticity
problems (Yilmaz et al., 2021). In this regard, experiments are recorded
using a camera with 1920 x 1080 resolution in 240 frames per second.
Four markers (M1-M4) are stuck along the front face of the elastic baffle
to measure nodal displacements caused by water pressure (Fig. 4c). Both
upstream and downstream are colored using a dye to better identify the
air-water-solid interfaces in the video images. The details of the mea-
surement technique used in this paper can be found in the work of Yil-
maz et al. (2021).

Young’s modulus of baffle used in the experiment is determined
using an analytical solution of Euler-Bernoulli beam theory (Eq. (15)).
At first, the displacements of three specified points on the baffle section
under self-weight are measured from digital video images. A marker
with 0.02 m in diameter is used as a predetermined reference length to
convert the pixels into metric units. Measurement results are shown in
Fig. 5. However, it should be noted that displacements, presented in
Fig. 5, are measured from the predefined reference axis, corresponding
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to the upper surface of the baffle in the initial position. These values are
converted into nodal deflections, used in Young’s modulus calculations,
by subtracting half of the baffle thickness from itself. Calculation results
are presented in Table 1. Obtained results demonstrate that using
Young’s Modulus of the plate as 5.7 MPa will be a reasonable
approximation.

4.1.2. Comparisons of experimental measurements and numerical
computations

In the present numerical model, the solid sub-domain of the phe-
nomenon is modeled using five rigid bodies attached by hinges with
torsional stiffness (Fig. 4d). These hinges are allowed to rotate only
about the y-axis in 2D analysis. Each rigid body has the value of [ =
0.016 mlength, m = 0.14 kg mass, and I,, = 1.25183E-05 kg m? moment
of inertia, where the subscript y represents the axis in the baffle width
direction (Fig. 4). The torsional stiffness values of related hinges are
calculated using the regression process described in Section 3 (Case I in
Fig. 3). Obtained results are presented in Table 2 with other simulation
parameters. However, it should be noted that related torsional stiffness,
mass, and moment of inertia values are calculated for 1 m width of baffle
due to 2D simulation conditions.

The numerical simulation is performed for 1.5 s using the parameters
presented in Table 2 and, obtained results are illustrated in Fig. 6
comparing with the experimental sequences. Shortly after the sudden
removal of the rigid-gate, it is observed that initial upstream water starts
to drag still tail-water, resulting in a jet formation moving downstream
direction. Kocaman and Ozmen-Cagatay (2015) and Ozmen-Cagatay
and Kocaman (2010) reported similar behavior of the dam break flow in
wet bed at initial stages. The flood wave breaks nearly about the baffle
location and, a sudden displacement on the solid body is observed,
resulting from highly dynamic first contact. Then, a relaxation occurs on
the baffle and, a part of the wave starts to overtop the elastic baffle,
while another part reflects towards upstream. After that point, the static
impacts become more dominant on the baffle. By the decreasing up-
stream water level due to finite reservoir length, the displacements on
the baffle start to decrease simultaneously. The authors consider that the
present experimental phenomenon is a suitable benchmark case for
numerical models used in hydroelasticity analysis by dynamics it
contains.

Due to the highly dynamic characteristics of the phenomenon, ex-
periments were repeated two times. Obtained displacement measure-
ments are presented in Fig. 7 comparing with numerical computations.
Results show that the present model computations are in well-agreement
with the main displacement characteristics of the baffle. However, it is
observed that the peak displacement caused by the first impact is higher
in numerical computations. Authors consider that this situation may be
caused by differences in wave-front evolution between experimental and

/V Reference axis

o HAED N

Fig. 5. Measured baffle displacements (units in m).
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Table 1
Calculated Young’s modulus values.

Ocean Engineering 243 (2022) 110205

Measurement point Location from the free end (m) Displacement from reference axis (m) Deflection on measurement points (m) p (kg/m®) Calculated E (MPa)
1 0.005 0.005968 0.002468 1250 5.71
2 0.016 0.005474 0.001974 5.72
3 0.032 0.004780 0.001280 5.71
bl the baffle and tank walls in the experimental setup to prevent possible
Table 2

Simulation parameters and torsional stiffness values of hinges.

WCSPH Simulation parameters

Initial particle distance (dp) 1 mm
Particle resolution (hy/d,) 150
Smoothing length (h) 1.2dp
Artificial viscosity constant (a) 0.04
6-SPH constant (5,) 0.1
Torsional stiffness values for hinges (Nm/rad)

Hingel 23.3124
Hinge2 10.0485
Hinge3 9.9205
Hinge4 9.6653
Hinge5 8.6155

numerical results. Also, it should be noted that there are gaps between

t=0.18

3000

Pressure (Pa)
€000

frictions and, liquid leakage through those gaps has been observed
during experiments, which can cause pressure reductions on the baffle
surface.

Fig. 8 shows the displacement comparisons between the experi-
mental measurements and present model results computed according to
various damping ratios in the range of 0% and 30%. Results indicate that
damping ratios in considering range have no notable effect on the nu-
merical computations except minor oscillation differences.

4.2. Dam-break wave impact on elastic sluice gate

Phenomenon based on dam-break wave impact on an elastic sluice
gate is firstly studied experimentally and numerically by Yilmaz et al.
(2021). A schematic view of the experimental setup is shown in Fig. 9a.
An initial water column with 0.5 m in length and 0.2 m (h,) in height is
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located at the entrance of a rectangular channel with 1.508 m in length,
0.3 m in height, and 0.1 m in width. The rectangular channel is divided
into two parts using a vertical rigid gate located at the end of the initial
water column. An elastic sluice gate, made of a rubber-like material with
density p = 1250 kg/m>, Young’s modulus E = 4 MPa, 0.125 m in height,
0.007 m in thickness, and 0.097 m in width are located at 0.8 m from the
channel entrance.

In the computational setup, elastic sluice gate is modeled using five
rigid bodies attached by hinges with torsional stiffness (Fig. 9¢). Each
body has | = 0.025 m length and m = 0. 21875 kg mass, and I, =
4.64661E-05 kg m? moment of inertia values. Hinges are allowed to

Table 3
Simulation parameters and torsional stiffness values of hinges.

WCSPH Simulation parameters

Initial particle distance (dp) 1 mm
Particle resolution (hy/dy,) 200
Smoothing length (h) 1.35dp
Artificial viscosity constant (a) 0.03
8-SPH constant (5,) 0.1
Torsional stiffness values for hinges (Nm/rad)

Hingel 10.4701
Hinge2 4.5130
Hinge3 4.4555
Hinge4 4.3409
Hinge5 3.8694

rotate only about the y-axis by torsional stiffness values calculated using
the regression process described in Section 3 (Case II in Fig. 3). These
values are presented in Table 3 with other simulation parameters. All
those values are calculated for 1 m plate width considering 2D simula-
tion conditions.

Fig. 10 shows experimental and numerical sequences at various time
steps. By sudden removal of rigid-gate, dam-break wave-front starts to
propagate towards downstream. The first contact between the wave-
front and elastic sluice gate occurs at about t = 0.23 s. This impact
causes a sudden displacement and a relaxation subsequently on the gate.
By the second impact, the generation of highly rotational flow with a
hydraulic jump and negative bore is observed, causing oscillations on
the plate. Then, static impacts become dominant on plate displacements
decreasing simultaneously with water level behind the gate.

Fig. 11 shows comparisons of plate displacements at four measure-
ment points given in Fig. 9b. Present model computations are compared
with experimental measurements and SPH-FEM results of Yilmaz et al.
(2021). Both works use WCSPH for modeling fluid motion, but there are
some differences between these two models theoretically (e.g. kernel
function and treatment of density fluctuations) and parametrically (e.g.
particle resolution and smoothing length). Moreover, Yilmaz et al.
(2021) used a FEM formulation for modeling structural dynamics of the
phenomenon and coupled it numerically with the fluid model using a
penalty-based formulation. It is observed that there is a well-agreement
between the present model computations and the experimental and
numerical results of Yilmaz et al. (2021). However, after t = 0.8 s time,
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Fig. 9. Schematic view of a) experimental setup, b) measurement points, and ¢) hinge locations (units in m).
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minor deviations in displacement computation of the present model
drawn attention. In mentioned time interval, the evolution of a chaotic
fluid motion with hydraulic jump is observed near the fluid-solid
interface, which may be a possible reason for deviations on the solid
plate.
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Fig. 12. Water level comparisons of the present model computations (without
damping) at measurement points (P1-P3).
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Fig. 12 illustrates water level comparisons at three measurement
points (P1-P3) located at 0.35 m, 0.65 m, and 0.95 m from the channel
entrance, respectively. At P1, the present model provides quite close
results compared with experimental measurements and SPH-FEM model
results of Yilmaz et al. (2021) till the reflection wave arrives. After that
point, there is a phase difference in wave-front evolution between the
experimental measurements and both numerical model computations.
At the P2 and P3, there is a well-agreement between both two numerical
model results. Compared to experimental measurements, wave-crest in
numerical computations is not as apparent as an experimental one at P2.
Also, fluctuations in water levels occurring at P3 are not captured
strictly by both two numerical models. However, it is considered that the
present numerical model provides reasonable accuracy in water level
computations when compared to experimental measurements.

Fig. 13 shows the comparison of the present model results computed
according to predefined damping ratios with experimental measure-
ments. Results indicate that related damping ratios have no significant
effect on numerical displacements until t = 0.4 s. After that point, the
chaotic fluid motion mentioned above becomes dominant and, de-
viations and oscillations are observed in gate displacement computa-
tions depending on the damping ratio used. Authors have also
encountered a parametric sensitivity (e.g. smoothing length, artificial
viscosity constant, and initial particle resolution) during numerical an-
alyses with constant damping ratios, resulting in similar deviations and
oscillations in the related time interval. Therefore, the authors consider
that differences in the gate displacement computations after t = 0.4 s are
caused by related sensitivity in the fluid motion rather than structural
damping effect and the dynamics of the problem can be investigated by a
detailed parametric study or by testing different coupling schemes.

4.3. Dam-break flow with an elastic gate

Phenomenon based on the deformation of the elastic gate under the
water pressure is firstly studied experimentally and numerically by
Antoci et al. (2007) and later modeled numerically by many researchers
(Yang et al., 2012; Zhan et al., 2019). The initial water body, with 0.14
m in height (hg), 0.1 m in length, and 0.1 m in width, is confined by an
elastic plate with 0.079 m in length, 0.098 m in width, and 0.005 m in
thickness. While the upper part of the gate is attached to a rigid wall, the
lower one can deform freely by water pressure. Initially, the free end of
the plate is confined by rigid support and, the water body is in hydro-
static condition. The schematic view of the experimental setup is shown
in Fig. 14a.

In the present numerical model, elastic plate, with density p = 1100
kg/m? and Young’s modulus E = 12 MPa, is divided into five rigid bodies
with [ = 0.0158 m in length and m = 0.0869 kg in mass (Fig. 14b). Each
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Fig. 14. Schematic view of a) the experimental setup and b) hinge locations (units in m).

body is attached by hinges allowed to rotate only about the y-axis. The
moment of inertia of each body is set to I, = 7.41228E-06 kg m? con-
cerning rotation point. Torsional stiffness values of hinges are calculated
using the regression process described in Section 3 for 1 m gate width in
2D simulation condition (Case III in Fig. 3). Obtained results are pre-
sented in Table 4.

Numerical simulation is performed for 0.4 s and, results at various
times are illustrated in Fig. 15 with pressure contour. With the sudden
release of the initial water body, the elastic gate starts to deform by

Table 4
Simulation parameters and torsional stiffness values of hinges.

WCSPH Simulation parameters

Initial particle distance (dp) 0.5 mm
Particle resolution (hy/d,) 280
Smoothing length (h) 1.2dp
Artificial viscosity constant (a) 0.02
8-SPH constant (5,) 0.1
Torsional stiffness values for hinges (Nm/rad)

Hingel 18.1122
Hinge2 7.8070
Hinge3 7.7076
Hinge4 7.5093
Hinge5 6.6937
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water pressure and reaches peak displacement in a short time. After that
peak point, a relaxation on the gate is observed and, displacement values
start to decrease. As water pressure becomes dominant once again,
relaxation gradient decreases over time and, a slight displacement in-
crease on the gate is observed.

Fig. 16a shows the comparisons of the time history of displacements
at the gate tip point. The present model computations without damping
are compared with the experimental and numerical results of Antoci
et al. (2007), SPH-FEM model results of Yang et al. (2012), and
TL-WCSPH model results of Zhan et al. (2019). Antoci et al. (2007) and
Zhan et al. (2019) use hypoelastic and hyperelastic material models for
the solid phase of the problem, respectively. Yang et al. (2012) use both
linear and hyperelastic material models. In this work, the analytical
solution used to calculate torsional stiffness values of hinges is based on
linear elastic theory. It can be seen that numerical models using
hyperelastic and hypoelastic material models reproduce experimental
measurements more accurately. But, the results of the SPH-FEM model
of Yang et al. (2012) based on linear elastic theory and the present
numerical model are far from the agreement compared to experimental
measurements and other numerical model results. Yang et al. (2012)
compared numerical results obtained linear elastic and hyperelastic
material models in their work and explained the difference between
computations by less stiff behavior of hyperelastic models under large
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deformations. However, results also demonstrate that there is a
well-agreement between present model computations and the SPH-FEM
model results of Yang et al. (2012) obtained from the linear elastic
material model.

Fig. 16b shows the comparison of the present model results
computed according to predefined damping ratios with the computation

12

of Yang et al. (2012). Results indicate that predefined damping ratios
have no notable effect on the gate displacements. Furthermore, it is
observed that the damping effect is more limited in this case compared
to the previous two benchmark cases. This can be found reasonable
considering the domination of static impacts in the present case.
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5. Conclusions

This paper presents an implementation of DualSPHysics-Project
Chrono coupling to hydroelasticity problems involving free-surface
flows and deformable elastic boundaries. In the present coupling
scheme, the fluid sub-domain is modeled by the WCSPH formulation of
DualSPHysics, while the solid sub-domain, consisting of rigid bodies
attached by hinges with torsional and damping stiffness, is simulated by
Project Chrono. Torsional stiffness values of hinges, calculated by an
analytical solution of Euler-Bernoulli beam theory, are used to approx-
imate the rigid multibody system to mechanical characteristics of solid
sub-domain.

The accuracy and stability of the present model are investigated
using a newly-designed experimental setup and two benchmark cases in
the literature. In all that cases, it is observed that the present numerical
model computations showed a well-agreement with the results obtained
from experimental measurements and other numerical model compu-
tations. Furthermore, the effect of structural damping is investigated
considering damping stiffness values of hinges calculated according to
predefined damping ratios. Obtained results indicate that structural
damping has no notable effect on numerical computations of present
benchmark cases.

In the present numerical model, an application of DBC is used for
fluid-rigid body coupling. This scheme provides computational
simplicity since solid particles are calculated inside the same loops as
fluid particles (Crespo et al., 2007). However, DBC presents some
drawbacks, such as the unphysical gap formation between the fluid and
solid particles and pressure fluctuations near the fluid-solid interface.
The authors consider that implementing an enhanced formulation for
coupling (e.g. Modified Dynamic Boundary Condition (English et al.,
2021)) in the present model can increase the solution accuracy and
provide a more smooth pressure field around the coupling.

In all validation cases, the solid sub-domain has been modeled using
five rigid bodies in equal length. Even the reasonable accuracy is
captured with a limited number of rigid bodies, geometric discontinu-
ities (gaps at attachment points) caused by high relative rotation rates of
rigid bodies can appear depending on the increase in displacements.
Theoretically, it is expected that an increase in the number of the rigid
body will improve model accuracy and mentioned discontinuities. In
this regard, the authors consider that a detailed parametric study can be
carried out to investigate the effects of different rigid body configura-
tions on solution accuracy and find optimal design parameters (e.g. rigid
body number and length).

In this work, the torsional stiffness of hinges is calculated by a
regression process based on the Euler-Bernoulli beam theory of a
cantilever beam under a uniformly distributed load in the limited
deflection range. Although this approximation provides reasonable ac-
curacy for hydroelasticity cases used in this work, the calculation

process of the torsional stiffness values of hinges can be optimized using
different theories for the solid sub-domains of the phenomenon that
undergo large and nonlinear deflections. Also, all validation cases used
in the present paper have the same boundary conditions. The solution
accuracy of the present model can also be investigated for solid sub-
domains with different boundary conditions by modifying static and
kinematic equations.

The present numerical model offers computational simplicity and
high efficiency with GPU-accelerated analysis capability (Canelas et al.,
2018; Dominguez et al., 2021). With these capabilities allowing nu-
merical modeling of large and complex systems, authors consider that
the present model can be employed easily in 3D analyses of hydro-
elasticity problems with high particle numbers by increasing hinges’
degree of freedom.
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